Chromosomal or centromerical numerical abnormality (CNA) is a well-known characteristic of human cancer, but the extensive and specific documentation of CNA in gastric cancer is still sparse, partly because of difficulty in obtaining cytogenetic information. Taking advantage of a recently developed fluorescence in situ hybridization protocol for formalin-fixed paraffin-embedded tissues, we investigated CNA of 51 gastric cancer cases with a panel of 18 chromosome-specific ␣-satellite probes (for chromosomes 1-4, 6 -12, 15-18, 20, X and Y) and region specific probes (c-myc and p53) to enumerate respective chromosome numbers in interphase nuclei. The involved chromosomes exhibiting CNA were nonrandom in gastric cancer. Aberrations of chromosomes 1, 8, 17, 20, and X were frequent regardless of histologic types, whereas aberrations chromosomes 10, 15, and 18 occurred less often (p Ͻ 0.001). From a histopathologic standpoint, the mucocellular type had stable CNA in comparison with the tubular type (mucocellular type vs tubular type carcinoma: 21.0 Ϯ 10.63% vs 62.8 Ϯ 12.79%, p Ͻ 0.001). Interestingly, there was less extensive CNA in women (men vs women: 54.3 Ϯ 9.49% versus 24.9 Ϯ 12.23%, p Ͻ 0.001). A dramatic difference in the outcome was detected according to the involvement of chromosomes 3, 10, 11, 12, 17, and Y; that is, the cases with CNA of these chromosomes had worse prognosis. (Lab Invest 2003, 83:1311-1320.
G
astric cancer is frequently associated with chromosomal numerical abnormality (CNA), similar to other gastrointestinal tract tumors (Lengauer et al, 1998) . However, because identification of the abnormal characteristics by the conventional cytogenetic method (Abarbanel et al, 1991; Gomyo et al, 1996; Ochi et al, 1986; Seruca et al, 1993) or by flow cytometry (Kallioniemi et al, 1992) has been hampered by technical difficulties (Pinkel et al, 1986; Rao et al, 1993; van Dekken et al, 1990) , minimal information has been available regarding specific chromosomal alterations in gastric cancer (Kitayama et al, 2000a; Rao et al, 1993; van Dekken et al, 1990) .
We recently developed a new, sensitive, and rapid fluorescence in situ hybridization (FISH) method that involves microwave (MW) pretreatment (boiling) and initial intermittent irradiation for hybridization. This new protocol is especially versatile in application for formalin-fixed paraffin-embedded tissue specimens (Kitayama et al, 1999 (Kitayama et al, , 2000b Kobayashi et al, 2000; Lan et al, 1996; Sibony et al, 1995; Song et al, 2002) . In this study, we applied this modified FISH technique using a panel of 18 chromosomal centromeric ␣-satellite probes and two region-specific probes to a chromosome-wide search for CNA in formalin-fixed paraffin-embedded tissue specimens from 51 cases of gastric cancer. This method yielded sensitive and accurate data on the numbers of copies of respective chromosomal centromeres and specific gene loci. Thus we could compare the CNA data obtained with the several histopathologic variables in our series. The results allowed us to define different CNA profiles of respective chromosomes according to histologic subtype, stage, sex, and clinical outcome.
Results

Validation of Modified FISH Method
A distinct signal could be detected after 30 minutes of MW pretreatment and only 3 hours of in situ hybridization with 1 hour of initial intermittent MW irradiation in formalin-fixed paraffin-embedded sections of nor-mal gastric mucosa fixed for 1 day and cancer tissue fixed for 1 week (Fig. 1, top and bottom). We were able to obtain distinct signals and more accurate data in the 51 gastric cancer cases with all of the probes used.
We set the cutoff level for nuclei with an abnormal number of signals at 20% of all tumor nuclei. This seemed to be a safe margin, because the percentage of nuclei with an aberrant centromeric number in the control normal epithelia and lymphocytes has never exceeded 10%.
CNA Profiles of the Cases
All of the histopathologic data on the 51 specimens and the distribution of tumor cells according to copy numbers of each of the 18 chromosome centromeres and two locus-specific regions (c-myc and p53) studied are summarized in Table 1 . Clinical staging indicated 26 early and 25 advanced gastric cancers in this series. Chromosomal gains were detected more often than losses. In the early stage cancers (down to the sm2 level), the most frequent abnormalities occurred in the X chromosome (61.5%), followed by chromosome 3 (53.8%) and then chromosomes 17 and Y (50%). Chromosomes 4, 6, and 15 had the lowest levels of abnormalities (19.2%) represented by the variant fraction (VF). When the cases in all of the stages were included, chromosome X most frequently had gains (64.7%). Gains of chromosomes 1 (60.8%), 8 (56.9%), 20 (56.9%), and 17 (54.9%) followed, whereas the CNA of chromosome 18 (33.3%) had the least gain, followed by chromosomes 10 and 15 (39.2%) ( Table  2) . A graphic representation of chromosomal aberrations and their frequency as a result of histopathologic type and stage is shown in Figure 2 .
Interestingly there were fewer chromosomal abnormalities in the tumors from the women in our series (Table 3) . Abnormalities of chromosomes 16, 17, and 18 were rarely found in gastric cancers of the women (Table 1) .
Loss of centromere or monosomy was also present in some cases. Monosomy of chromosome 1 in Case 38 and monosomy of chromosome 3 in Case 45 were noticed. Loss of the Y chromosome was found in 12 (30%) of the 40 men, whereas 11 (27.5%) cases showed a gain of the Y chromosome centromere. By contrast, although amplification of chromosome X is one of the most frequent aberrations, no loss was detected in any of the samples.
Histopathologic Types and CNA
In the early stages, the well-differentiated papillary type and the mucocellular type (sig and muc-sci subtypes) of carcinoma had lower rates of chromosomal abnormalities than the tubular type (tub1, tub2, and tub-sci subtypes) ( Table 1 ). The total prevalence of the CNA, except for chromosomes 3 and Y, was greater in the tubular type (pap, tub1, and tub2) of carcinoma than in the mucocellular type (62.82% vs 21.0%; p Ͻ 0.001) (Table 3) . Most mucocellular cases showed few abnormalities in the numbers of chromosome centromeres in the early stages (depth m and sm1 levels). When the cancer invaded the lower submucosal layer (sm2) and proper muscle layer, additional and more extensive abnormalities in centromere copy numbers were found. However, no abnormal changes in any of the chromosomes tested were found in three early cases or even in one advanced case (Case 50) of the mucocellular type. By contrast, the tubular type of carcinoma had a higher rate of abnormalities even in the early stages, and further chromosome abnormalities were added as the cancer progressed (Table 1) .
Other Clinicopathologic Variables and CNA
CNA of the younger patients (Ͻ60 years old) were infrequent compared with that of older patients in general, because in the younger patients, the mucocellular type occurs more often than the tubular type of gastric carcinoma. The cases with severe intestinal Chromosome 8 centromere (green) and c-myc gene (orange) in a paraffin section of gastric mucosa fixed for 1 day. Two distinct signals were found in the epithelial and stromal cell nuclei (top). Chromosomes X (green) and Y (orange) in a paraffin section of gastric carcinoma fixed for 1 week. One distinct signal of an X and Y chromosome was found in normal stromal cell nuclei, whereas loss of the Y was found in the nuclei of cancerous epithelium (bottom).
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Chromosomal Abnormality in Gastric Cancer
Clinical Outcome and CNA Profile
In general, both the prevalence and the numbers of numerical chromosomal centromeric abnormalities increased with clinical stage (Table 1) . Stage IIIa specimens exhibited the highest abnormality rate (86.1%) overall, and stage Ia specimens had the lowest rate (32.3%). We had only five cases with distant metastasis (19, 20, 27, 30 , and 51) in our series, and severe CNA were observed in the primary tumors in all of them (Table 1) .
On the other hand, seven advanced cases (14, 18, 24, 29, 48, 49 , and 50) had fewer chromosomal aberrations, and the follow-up of these cases showed they all survived for 5 years or more after surgery (Tables 1 and 4 ). For example, in Case 50, a patient with Borrmann type IV advanced cancer and multiple lymph node metastases at the operation has survived for 11 years without recurrence after gastrectomy, and retrospective investigation of the original cancer tissue for CNA revealed hardly any abnormalities. By contrast, in Case 51, the patient had a IIc type early gastric cancer with lymph node metastasis and died of carcinomatous meningitis, pleuritis, and peritonitis 6 months later. The investigation of CNA in the original cancer in this case revealed extensive aberrations in many chromosomes. Although the morphologic features appeared similar in hematoxylin and eosinstained sections, our FISH procedure revealed very different frequencies of chromosomal alterations and they reflected the outcome.
From a standpoint of the comparison of CNA and the outcome of 25 advanced cancer cases, we found that CNA of particular sets of chromosomes (chromosomes 3, 10, 11, 12, 17, and Y) strongly reflected the difference in outcome. Although this selection of the combination of the chromosomes was based on careful inspection, they significantly predicted prognosis in our analysis. That is, CNA of these six chromosomes and locus-specific gene amplifications (Table 4 , Fig. 3) were detected in the cases with poorer prognosis. On the other hand, in long-surviving cases (such as Cases 15, 26, 28, and 33), these chromosomes were not changed. The survival analysis including 25 advanced gastric cancer cases (Kaplan-Meier analysis) clearly verified the predictive value of these chromosomal changes for the outcome (Fig. 3) . Case 7, with short-term survival despite less extensive CAN, was exceptional because there was a loss of the P53 gene and remarkable amplification of the HER-2/neu gene (Table 4) . On the basis of these results, we attempted to devise a practical flow chart for prediction of clinical outcome of advanced gastric cancer according to the profile of CNA and locusspecific gene amplification in gastric cancer at the operation.
Discussion
We previously documented numerical abnormalities in fresh touch specimens from 24 cases of gastric cancer and suggested a sequential process of increasing chromosomal numerical abnormalities during gastric cancer progression (Kitayama et al, 2000a) . We recently modified the FISH technique to facilitate retrospective study of pathology archives, and in this study we applied it to 51 specimens of gastric cancer in the pathology archives and retrospectively assessed their CNA and the biologic features. This is the first extensive study of CNA of respective chromosomes in gastric cancer pathology archives. The results provide more detailed and specific information about CNA in gastric cancer than those obtained by DNA ploidy and other methodology. We believe that the methodology we adopted in the interphase cytogenetic study of formalin-fixed paraffin-embedded tissue sections successfully paved the way for the wider use of pathologic archives for the research of cancer genome anatomy (Simpson et al, 1996; van Dekken et al, 1990) . Another advantage of this method is that it could make it possible to handle smaller lesions not easily separated from the surrounding benign or premalignant cells. Our series included considerable portions of early stage cases; thus the information obtained here may be of greater etiologic importance than information obtained by CGH, sky, and other molecular analyses that use advanced cancer tissues.
Our initial analysis also showed nonrandom changes in CNA, that is, more frequent involvement of chromosomes 1, 2, 4, 8, and 20 and much less of chromosomes 3 and 18 (Kobayashi et al, 2000) . In this report, we extended the study to every histologic subtype of gastric cancer stored in the pathology department for the last 20 years and confirmed our previous findings in part: the vulnerability of the chromosomes was nonrandom. In particular our extensive retrospective search also found chromosomes 1 and 20 were the most frequently affected autosomal chromosomes, and chromosome 18 was the most protected chromosome. In our series, changes in chromosome 3 were found to be frequent in the early stage of a particular subtype, "pap," which had not been 
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included in the first study set (Kitayama et al, 2000a) ; this was also consistent with our single case report (Kobayashi et al, 2000) . In our series, CNA in the deeper layer of the gastric wall of invasion was more extensive than that in the superficial layer. The biologic behavior of gastric cancer cells may be different depending on where they located in the gastric wall. This is also further evidence for our previous assertion of stepwise changes according to the stage of gastric cancer. The different outcomes of the advanced cancer in the same stage according to the CNA were remarkable. Survival analysis including 25 advanced gastric cancer cases (Kaplan-Meier analysis) clearly verified the predictive value of these chromosomal changes for the outcome (Fig. 3) . We selected the most predictive chromosomes to obtain useful information by the minimal efforts of the FISH procedure based on the data in this study. As shown in the flow chart in Figure  4 , two-step analysis of CNA and locus-specific gene amplification efficiently divided the cases of gastric cancer into those with good outcome and those with poor outcome. This analysis predicts more than a simple classification based on histopathologic types and clinical stages.
Although the responsible genes in this set of chromosomes for poorer prognosis are unknown and there are no known reasons why these chromosomes are deterministic, we are now continuously recruiting cases and refining the algorithm. Multivariate analysis would help to identify the combination of chromosome abnormalities that might improve our ability to predict prognosis in the future.
Several reports have mentioned sex chromosome abnormalities in gastric cancer (Ochi et al, 1986; Rao et al, 1993; van Dekken et al, 1990) . Actually, sex chromosomes change was an frequent finding in our study. X chromosomal centromeric gain was frequently detected in our series, and no X loss was detected. By contrast, gains and losses of chromosome Y occurred with equal frequency (27.5% vs 30%) in our study. There were fewer abnormalities in the chromosomal centromeres of tumors from women, and no abnormalities were found in chromosome 16 in any of the 11 women. We cannot explain the reason for this observation.
Various genes and loci have been reported altered in gastric cancer. They include amplifications of c-met on chromosome 7p (Kuniyasu et al, 1992) , c-myc on 8q, K-sam on 12q, the E-cadherin gene on 17p (Guilford et al, 1999 ) and c-erbB2 on 17q (David et al, 1992; Tsugawa et al, 1993) , and somatic mutations of Kaplan-Meier survival curve in 24 advanced gastric cancer cases according to the involvement of chromosomes 3, 10, 11, 12, 17, and Y. Significant differences in long-term survival were observed between two groups, the cases with alterations of these chromosomes (n ϭ 14) and those without (n ϭ 10). Survival probability was 90% in the latter group and 15% in the former group. The survival probability differs significantly between the two groups (p Ͻ 0.0001). n ϭ the number of patients in each group.
Figure 4.
A flow chart of the two-step analysis for predicting the outcome of advanced gastric cancer. We propose this algorithm, the most practical at this moment, which uses selective chromosomes and locus-specific genes. Tests for the six chromosome centromeres 3, 10, 11, 12, 17, and Y and three loci, c-myc, P53 and HER-2/neu, are included.
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Laboratory Investigation • September 2003 • Volume 83 • Number 9 APC on 5q (Nakatsuru et al, 1993) , K-ras-2 on 12 q , and p53 gene on 17p (Kim et al, 1991; Matozaki et al, 1992; Renault et al, 1993) . Because our FISH analysis did not include these specific loci, the integration of these data and ours is a challenge for the future.
It would also be intriguing to investigate the mechanistic basis for the CNA. Lengauer et al (1997 Lengauer et al ( , 1998 have proposed genes involved in the cell cycle check point may play a role in generating chromosomal instability. They further claimed chromosomal instability and microsatellite instability are two distinct (mutually exclusive) pathways of carcinogenesis. We have already reported that a particular subset of gastric cancer with frequent MIN has less CAN; this may be the case with gastric cancer also. Further investigation in this line is needed.
The observation of nonrandomness documented here in gastric cancer can be extended to other solid tumors. In the future, FISH studies of archival material with probes covering the whole genome will provide much essential information in regard to genetic changes that is complementary to integrative studies of human solid tumors, such as chip technology (Schraml et al, 1999) .
Materials and Methods
Samples
All samples were obtained from surgically resected specimens in the pathology archives of Hamamatsu University Hospital and affiliated hospitals. The specimens consisted of 51 gastric cancers from 40 men and 11 women, whose median age at the time of surgery was 63.7 (range, 32-87) years. The tissue samples had been fixed in a 4% neutral buffered formaldehyde for 1 to 7 days at room temperature, processed with paraffin wax in the routine manner, and stored for up to 12 years at room temperature. A 6-to 8-m section of each specimen that included the tumor and adjacent mucosa was used for histologic classification and modified FISH analysis.
Histologic Evaluation
Adjacent sections were routinely stained with hematoxylin and eosin. The tumors were histologically classified according to the Japanese Classification System (Nishi et al, 1995) . Representative pictures of each histologic type are also available in this book. Differentiated (intestinal) carcinomas were further subclassified into papillary (pap) and well-differentiated (tub 1) or moderately differentiated (tub 2) types according to the degree of gland formation (Schlemper et al, 2000) . Poorly differentiated (diffuse) carcinomas were also further subclassified into solid type (por 1) and nonsolid type (por 2) according to tumor cell adhesiveness. The latter category was subclassified into tubular type with scirrhous infiltration (tub-sci), mucocellular type with scirrhous infiltration (muc-sci), and signet-ring cell carcinoma (sig). The invasiveness of the tumor in the submucosal layer of the gastric wall was graded as sm1 (invasion of the upper half of the submucosal connective tissue layer) or sm2 (invasion of the deep half of the submucosal layer). Details of these descriptions about the definitions have been provided elsewhere (Nishi et al, 1995) .
Modified FISH
Formalin-fixed paraffin-embedded tissue sections (6 -8 m thick) of noncancerous gastric mucosa, carcinomas, and normal lymph nodes were analyzed by the modified FISH technique. A panel of 18 centromeric ␣-satellite DNA probes (chromosomes 1-4, 6 -12, 15-18, 20 , X, and Y) and two region-specific probes (c-myc and P53) were purchased from Vysis Inc. (Downers Grove, Illinois). All probes had been labeled with either orange (Cy3) or green (FITC) using digoxigenin-11-dUTP and nick translation (Lichter et al, 1991) . The sections were dewaxed by five successive 3-minute washes in xylene, followed by five washes in ethanol and MW heating for 10 minutes in a 0.01 M citrate buffer (pH 6.0). After exposure to 0.2% pepsin/0.01 N HCL for 10 minutes at 37°C, the samples were aged in 0.1% NP-40/2ϫ SSC for 10 minutes at 37°C and their DNA was denatured in 70% formamide/2ϫ SCC for 5 minutes at 85°C. A 10-l sample of the probe solution (hybridization buffer 7 l, probe 1 l, DW 2 l) was then placed on a glass slide with a coverslip, and the sample slides with the hybridization mixture were placed in a MW processor (MI-77; Azumaya Company, Tokyo, Japan). The samples were intermittently irradiated (2.45 GHz, 300 W), 3 seconds on and 2 seconds off, with a temperature sensor set at 42°C, as described previously. Each specimen was subjected to intermittent MW irradiation during the first hour of in situ hybridization (6 hours). DAPI I (4,6-diamidine-2-phenylindol, 125 ng/ ml; Vysis Inc.) was used for nuclear counterstaining.
Indices and Evaluation
The slides were promptly examined under a fluorescence microscope equipped with epifluorescence filters and a photometric CCD camera (Quantix 1400; Roper Scientific, Tucson, Arizona). The images captured were digitized and stored in the image analysis program (I.P. Lab, Scanalytics, Fairfax, Virginia). In each case, two pathologists took a picture and counted the signals independently and the mean value was taken.
We used two indices, modal number and VF, to evaluate the numerical abnormalities of the 18 chromosomal centromeres and two locus-specific loci in 100 or more tumor cell nuclei of the cancer in every case with submucosal and deeper invasion. We defined the modal centromeric number (MN) as the most prevalent number of the corresponding chromosomal centromere in the tumor cells. VF was defined as the percentage of tumor cells whose centromeric copy number differed from the mode. The average of individual chromosomes was considered the ploidy level of the tumor. Thus, lesions with chromosomal (centro-meric) numerical aberrations (CNA) are defined based on these two indices.
Statistical Analysis
All computation in this study was performed with the Statistical Analysis System (SAS version 8.1; SAS Inc., Cary, North Carolina). Differences in the categorical variables of the characteristics, for examples, differences between the frequency of CNA and histologic types, depth or stage categories, were compared using a 2 test. The survival data analysis of the Kaplan-Meier method was performed to clear the effects of these chromosomal changes on prognosis of subjects with advanced gastric cancer. Statistical differences in two subgroups were compared using a log-rank test. A p value Ͻ 0.05 was considered statistically significant (Mori et al, 1992) .
Immunohistochemistry for HER-2/neu
Formalin-fixed, paraffin-embedded tissue was cut into 3-m-thick sections. The tissues were dewaxed with xylene three times and rehydrated. To unmask the HER-2/neu antigen, the slides were boiled for 15 minutes in 0.1% citrate buffer. Endogenous peroxidase activity was blocked with 100% methanol containing 1% hydrogen peroxide. mAb HER-2/neu (Ventana, Tokyo, Japan) was applied to the sections at a dilution of 1:50 and incubated at 4°C overnight. Antibody binding was detected by means of the streptavidin-biotin complex system (Nichirei, Tokyo, Japan), and the sections were counterstained with Alcian blue solution at room temperature for 1 hour. A tumor was defined as HER-2/neu positive if moderate or strong membranous staining was recorded in a significant area of the tissues.
